A flow-through method for the extraction of lithium-ion battery electrolytes with supercritical and liquid carbon dioxide (sc and liq CO 2 ) under the addition of different solvents has been developed and optimized to achieve quantitative extraction of the electrolyte from commercial LiNi 1/3 Co 1/3 Mn 1/3 O 2 (NMC)/graphite 18 650 cells. Furthermore, the time-dependence of the extraction procedure was investigated and demonstrated. The extracts were analyzed with gas and ion chromatography. Linear carbonates like dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC), respectively, were better extracted with liq CO 2 , whereas the cyclic carbonate ethylene carbonate (EC) was recovered in higher amounts with sc CO 2 . The addition of solvents to the CO 2 resulted in improved recovery for all the ingredients but most effectively for LiPF 6 , which could not be obtained by extraction with CO 2 only. The best results were achieved by extracting for 30 minutes with liq CO 2 (25 C, 60 bar) and 0.5 mL min À1 acetonitrile (ACN)/propylene carbonate (PC) in a mixture of three to one and an additional 20 minutes with liq CO 2 only, to yield (89.1 AE 3.4) wt% electrolyte in almost its original composition of DMC, EMC, EC (1 : 1 : 1) with 1.1 mol L À1 LiPF 6 . Therefore, the presented method can be relevant for the recycling of lithium ion battery electrolytes but has to be validated for up-scaled processes. Furthermore, the suitability of CO 2 extraction as a tool for post-mortem or aging investigations of LIB electrolytes could once more successfully be demonstrated due to the extraction of aging products like diethyl-2,5-dioxahexane dicarboxylate (DEDOHC) from a pouch cell, which was electrochemically aged for 1000 cycles at 1 C. In this context, extraction times and recovery rates were drastically improved compared to our previously reported static extraction experiments.
Introduction
Besides its well-known role as a greenhouse gas in climate change discussions, [1] [2] [3] [4] carbon dioxide also takes part in many chemical reactions. It is for example used in the synthesis of linear [5] [6] [7] [8] and cyclic 9 organic carbonates, which are, inter alia, solvents for conducting salts, typically LiPF 6 , 10 in modern lithium-ion batteries (LIBs).
11,12 CO 2 has also been used as a solid electrolyte interphase (SEI) 13 forming electrolyte additive in lithium metal and lithium-ion batteries 14 and is produced when the organic carbonate based electrolyte solvents are oxidized, e.g. during overcharge 15 in some cases. CO 2 is also generated during the reduction of organic carbonate based battery electrolytes. 16, 17 Furthermore, graphite anode surface modication with CO 2 has been performed. 18, 19 Moreover, CO 2 is widely applied as a monomer in materials synthesis 20 or a C-1 block in the synthesis of polycarbonates 21 and other organic products.
22
In addition to its gaseous, liquid and solid phase, carbon dioxide shows a relatively easy available supercritical phase aer adjusting temperature and pressure above the critical point which is at 31 C and 74 bar. 23 The dissolving properties of sc CO 2 are comparably high for many organic substances, especially in combination with additional solvents. Thus, CO 2 is the most applied extraction medium in supercritical uid extraction (SFE). 24 The most prominent example for the application of sc CO 2 extraction might be the decaffeination process of coffee. 25, 26 Likewise, sc CO 2 is generally used a lot as extraction medium in food chemistry. [27] [28] [29] Furthermore, its usage as eluent is also important in supercritical uid chromatography (SFC), 24 as drying agent in crack free silica aerogel production 30, 31 and as reaction medium in olen polymerization reactions 32 or metal nanoparticle synthesis. 33 Sloop et al. described the extraction of electrolytes from energy storage devices with supercritical uids. 34 LIBs were mentioned in this patent but detailed information about the extraction behavior were rare. LIBs are the most applied energy storage systems for modern consumer and portable electronics like smartphones and cameras, and the most promising battery technology for electric or hybrid electric vehicles. 35 Different aging processes occur in LIBs which lead to a creeping loss of capacity and a limited cell lifetime. 47 One of these aging effects is the decomposition of the electrolyte during cycling which is furthermore inuenced by the temperature and the quality of each and every compound in the cell, especially with regards to protic impurities. Research on electrolyte decomposition as well as the development of new and specic analytical methods has been done in recent years, 38, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] but there is still a far way to go until the complete picture of electrolyte aging in LIBs is fully understood. Furthermore, the quantitatively extraction from the LIBs is of interest for recycling processes. Since 50 wt% of a cell has to be recovered, the electrolyte represents a target component for the recycling of LIBs. Additionally, uoride or uorinated compounds can hamper or damaged industrial scaled recycling processes and have to be removed as well.
We recently reported the extraction of LIB electrolytes with supercritical helium head pressure carbon dioxide (sc HHPCO 2 ) in a simple autoclave setup. 63 A successful proof of principle experiment was demonstrated. Furthermore, the sc HHPCO 2 extraction could be presented as sample preparation tool for LIB post-mortem aging investigations. HHPCO 2 was used in these experiments to keep the experimental equipment as easy as possible. Sc CO 2 conditions can be achieved without a compressor already from the bottle. Nevertheless, HHPCO 2 is more expensive than conventional liq CO 2 with the same purity. Furthermore, the recovery rate for the electrolyte from the investigated 18 650 cells was relatively low (<10 wt%). Moreover, it was not possible to obtain the conducting salt but only the organic carbonates. To overcome these drawbacks and to further investigate the extraction of LIB electrolytes with CO 2 we installed a conventional ow-through SFE extraction unit. Herein, we report the results for the extraction of commercial 18 650 cells (2.2 Ah) as well as in-house-made pouch cells (4.8 Ah), both based on LiNi 1/3 Co 1/3 Mn 1/3 O 2 (NMC)/graphite electrode chemistry, with liquid and supercritical carbon dioxide regarding the recovery rate of the particular electrolyte components, additional solvents in the CO 2 -stream and the time dependency of the extraction procedure. Since, one investigation was the recycling and aging of LIBs, we decided to use electrolytes which are state-of-the-art in commercial applied LIBs. Nevertheless, it is still possible to investigate alternative systems.
Experimental

Chemicals and materials
Panasonic CGR18650CH Li-ion MH12210 (2.2 Ah, NMC/ graphite) were bought from BattEnergy. 18 650 cells are oen used for safety investigations, [68] [69] [70] and are generally applied in laptops and E-bikes. 4 were supplied by Fluka. ACN (99.9%, HiPerSolv CHROMA-NORM, LC-MS grade) from VWR and Milli Q water, produced with an in-house Millipore lter system were used for sample dilution. CO 2 (purity 5.0) for SFE and helium (purity 6.0) for GC experiments were purchased from Westfalen Gas.
Cell cycling procedures
The pouch cells were cycled with a Maccor Series 4000 Battery Tester 20A in an environmental test chamber (Binder KB 400) at 20 C. The cells were charged with 0.2 C in constant current mode up to a voltage of 4.2 V, followed by a constant voltage step at 4.2 V for 30 min. The discharge was performed with 1 C in constant current mode down to a voltage of 3.0 V. Subsequently, the cell was charged and discharged with 1 C (constant current) between 3.0 V and 4.2 V for 1000 cycles. Before opening the cells an extended discharge step was carried out, composed of successive and decreasing constant current steps each until a voltage of 3.0 V and constant rest periods between the discharge steps.
Sample preparation
The discharged cells (18 650 and pouch) were frozen at À18 C for at least 10 h, so that electrolyte evaporation during cell opening is reduced to a minimum, and subsequently opened in a glove box (O 2 , H 2 O < 0.1 ppm) by slicing the two ends of the metal shell with an industrial cutter (18 650 cells), similar to the self-made cutter of Aurbach et al., 71 or by cutting the outer pouch foil with ceramic scissors (pouch cells). The jelly role as well as the stack, were removed of the shell, uncoiled and put, as dense as possible, into the pressure chamber of the extraction equipment.
Extraction procedure
Aer connecting the extraction chamber to the CO 2 supply and adjusting pressure and temperature in the chamber to extraction conditions (liquid: 25 C, 60 bar; supercritical: 40 C, 300 bar), the experiment begun with a static (non-ow-through) equilibration step which was hold for 30 min, followed by 2 min of CO 2 ow-through with subsequent 5 min static (non-ow-through) equilibration, in which the amount of collected extract was weighted (experiments in Fig. 1 and 2 ). The outlet valve of the CO 2 -extraction-stream was heated to 55 C and the electrolyte was collected with a cryogenic trap of aluminum (À78 C) behind the outlet valve.
For the results in Fig. 3 -6, additional solvent (ACN, DEC, PC) with a ow of 0.5 mL min À1 was added to the CO 2 -stream. Aer an equilibration step of 30 min at the beginning with CO 2 , but without solvent, it was extracted in ow-through for two minutes with subsequent 5 min of static equilibration time. The (2 + 5) min step was repeated 15 times, followed by 20 min ow-through extraction without solvent (only CO 2 ).
Analytical equipment
Supercritical uid extraction (SFE) unit. All extraction experiments were done in a dry room (dew point: À65
C; H 2 O < 5.4 ppm). An Applied Separations Spe-ed SFE System purchased from ERC, which is equipped with a Knauer Platin Blue UHPLC pump for solvent addition, was used for the extraction experiments. The extraction chamber (50 mL for 18 650 cells and 100 mL for pouch cells) and all gas lines consist of stainless steel. At the beginning of each extraction experiment, the device was investigated for gas leaks. Furthermore, the CO 2 ow was adjusted to (15 AE 3) L min À1 . alkyl uoro phosphates were identied with IC hyphenated to electrospray ionization-mass spectrometry (ESI-MS). Equipment, procedure and conditions were recently published and applied.
Ion chromatography (IC
60,64,65
Gas chromatography-mass spectrometry (GC-MS). A Shimadzu GCMS-QP2010 Ultra GC-MS equipped with an AOC-5000 Plus autosampler, an OPTIC-4 injection system and a Supelco SLB-5ms column (30 m Â 0.25 mm Â 0.25 mm) was used. The GCMS Solution soware (GCMS Real Time Analysis and GCMS Postrun Analysis) and the Evolution Workstation soware were used for setup control and data analysis. DMC, EMC, DEC, PC, vinylene carbonate (VC) and EC could clearly be identied with the National Institute of Standards (NIST) 08 library and DEDOHC with chemical ionization GC-MS experiments. 63 The results could be conrmed via the retention time of the corresponding pure substances. 1 mL of the diluted samples (1 : 100, ACN) was injected at an injection temperature of 230 C. The system was run with helium as carrier gas with a column ow of 1 mL min
À1
, a purge ow of 3 mL min À1 , a split of 1 : 100 and the following column oven program: starting with 40 C for 2 min, the temperature was increased with a rate of 30 C min 
Results and discussion
First of all, it was necessary to develop a suitable extraction method to extract and collect a LIB electrolyte with the Applied Separations Spe-ed SFE System extraction equipment. We started by putting a LIB electrolyte (each experiment the same amount) containing polyethylene eece separator into the extraction chamber of the extraction equipment. For the development of an appropriate collection method, the sample was always extracted under the same supercritical conditions: 40 C, 80 bar CO 2 in ow-through mode for one hour. The outlet valve of the extraction device is heated, which is necessary due to the Joule-Thomson-Effect. 73 This temperature was set to 55 C because of the possible thermal decomposition of LiPF 6 at higher temperature. 74 It was proven, that collecting the electrolyte from the CO 2 -stream during pressure relaxation with a cryogenic trap (aluminum vial at À78 C) resulted in better recovery of the electrolyte than washing solutions with different organic solvents (e.g. ACN). Furthermore, it is advisable to pack the sample in the extraction chamber as dense as possible to get good extraction results, otherwise the CO 2 , as extraction medium, just passes by the sample without leaching it. Aer adjusting these rst parameters, further method development was done with 2.2 Ah, NMC/graphite commercial 18 650 cells (Panasonic CGR18650CH Li-ion MH12210). The uncoiled jelly roll was densely packed into the extraction chamber. Variation of the pressure at supercritical extraction conditions (40 C, 80 bar vs. 300 bar) resulted only in slightly different recovery rates at the same CO 2 ow, whereas variation of the ow at the same pressure gave much higher recovery rates (by weight) in the same time. Unfortunately this parameter was limited due to the mentioned Joule-Thomson-Effect because CO 2 simply freezes out in the cryogenic trap when the ow is too high. Thus, the ow was adjusted to 15 L min À1 at the outlet valve for all further experiments as good compromise between high ow rate (which means short extraction times) and resublimating CO 2 . The CO 2 ow control of the outlet valve over time showed, that the used extraction equipment could not better be adjusted than within 20% relative standard deviation which means a CO 2 ow of (15 AE 3) L min À1 .
Two different CO 2 conditions were compared. While extracting with liq CO 2 (25 C, 60 bar), we reproducibly achieved a higher amount of extracted electrolyte at the same extraction time and volumetric ow as with sc CO 2 (40 C, 300 bar). This may be explained by differences due to the ow behavior of liquid CO 2 compared to sc CO 2 (laminar vs. non-laminar). We further investigated this behavior in a time-resolved experiment ( Fig. 1) , which conrmed our results. Most of the extracted amount is obtained in the rst minutes. Also the better recovery with liq CO 2 already happens at the beginning of the extraction. The demonstrated data show exponential behavior over time. and therefore the deviation during. Analyses of the extracts of the rst minutes with GC-MS reveal that the linear carbonates, DMC and EMC, are extracted with higher efficiency than EC (Fig. 2) . Interestingly, the higher amount which is achieved with liq CO 2 is only linear carbonates. Compared to liq CO 2 , extraction with sc CO 2 is better suited for EC. CO 2 is a relatively nonpolar extraction medium 26 which explains why the more polar EC (dipole moment: 4.61 D) is less well extracted than DMC (0.76 D) and EMC (0.89 D).
11 This nonpolarity is also the reason for the poor extraction of the conducting salt which could only be gained in trace amounts (as conrmed by IC), which was also observed for the extraction of the same 18 650 cells with sc HHPCO 2 with a different experimental setup. 63 The amount of electrolyte in the investigated 18 650 cells was determined to 3.76 g by drying an opened cell at 120 C in vacuum over 10 hours. We concluded that this amount could not be reached under the so far applied extraction conditions. Only the linear carbonates could quantitatively be recovered aer a very long extraction time (over 3 h).
To overcome (i) these drawbacks of long extraction times, (ii) the small concentration of EC and (iii) the not extracted conducting salt, extraction experiments with added solvents to the liq CO 2 were realized. The time-resolved results for three different additional solvents are summarized in Fig. 3 . The exponential behavior ends at 50 min of extraction time at recovery rates which are much higher compared to extraction with sc CO 2 or liq CO 2 without additional solvents. The experiments with ACN and DEC show a similar trend with high recovery rates in the rst minutes compared to the ACN/PC mixture, which leads to an indolent extraction at rst, but nishes with the best overall result. An experiment with only PC as added solvent was also carried out but the collected extract was with about 2 g aer the applied extraction method of 50 min much less than the three scenarios demonstrated in Fig. 3 . Furthermore, a large amount of the PC apparently remained in the solid battery material during this time, which could be conrmed by weight and also by the 'wet' solid battery material aer the extraction chamber was opened for cleaning purposes subsequent to the extraction experiment. Thus, it can be concluded that the addition of very polar solvents (dipole moment PC: 4.81 D)
11 is only reasonable when additional solvents with medium polarity are present, that act as "moderator" between very polar solvent and the rather unpolar CO 2 . Fig. 4 shows the compositions of the extracts over the whole period of extraction with DEC as additional solvent. The trend is identical to the extraction process without additional solvent. The linear carbonates (DMC and EMC) are extracted well in the rst minutes, but the absolute amount is almost doubled compared to extraction with CO 2 only. Furthermore, also high recoveries of EC and even of the conducting salt LiPF 6 could be achieved. Fig. 5 demonstrates the GC-MS measurements Fig. 4 Compositions of the recovered electrolyte from commercial 18 650 cells after formation extracted with liquid CO 2 and additional DEC in the CO 2 -stream determined with GC-MS and IC corresponding to Fig. 3 . Red, top: LiPF 6 ; blue, below: EC; yellow, middle: EMC; magenta, bottom: DMC. corresponding to the compositions of the volatile components in Fig. 4 . It can be seen that the linear carbonates are only signicantly extracted in the rst 20 min, whereas EC is present in the same magnitude till the end of the extraction experiment. Fig. 6 summarizes the amounts of recovered electrolyte and their compositions for the three discussed scenarios (see Fig. 3 ). Additionally, the composition of a reference electrolyte is shown. The reference data are the result of the quantitative investigation of electrolyte (10 mL) which was collected during cell opening. The resulted weight percentages are normalized to the amount of electrolyte per 18 650 cell. In all cases of extraction with liq CO 2 and additional solvents, the linear carbonates could be recovered quantitatively within the limits of error; EC and LiPF 6 could be retrieved at least qualitatively. The best overall recovery rate was achieved for the added ACN/PC mixture, with (89.1 AE 3.4) wt% and furthermore with the highest concentrations for EC and LiPF 6 . Finally, we also investigated self-made pouch cells (graphite/ NMC) aer formation and aer "electrochemical aging", which were bigger than the so far used 18 650 cells (4.8 Ah vs. 2.2 Ah). The results of the cycling experiment (¼electrochemical aging) for 1000 charge/discharge cycles at a rate of 1 C are displayed in Fig. 7 . An electrolyte consisting of 1 mol L À1 LiPF 6 in a DEC, PC, EC, VC mixture was applied (quantitative composition see Table 1 ). All components, except VC, could be detected in the extract, which was achieved with liq CO 2 and ACN as additional solvent. PC as additional solvent was not applied in this case due to its presence in the cells and therefore possible difficulties in quantication of the extract. VC had presumably been consumed during the formation cycle and thus been involved in the SEI formation. 11, 55 In addition to the deployed electrolyte components, DEDOHC, which is an electrolyte aging product, whose formation was already intensively discussed in literature, 48, 51, [54] [55] [56] [57] [58] 63, 66 could clearly be identied. This conrms the result of our previous study, that CO 2 can be applied as extraction agent for post-mortem or aging investigations. Fig. 8 shows the GC-MS chromatograms corresponding to the aged cell and, consequently, the extract compositions of the collected fractions. The same picture was achieved for the cell aer formation. The ndings for DEC, EC and PC are in good agreement to the results of the 18 650 cells.
DEDOHC could be extracted from the cells aer formation and cycling, in the same amount of (0.4 AE 0.1) wt% within the rst four minutes. Therefore, it is concluded, that DEDOHC is only formed during formation. The 18 650 cell showed a different aging behavior in this case. The concentrations of DEDOHC and its derivatives were in correlation with an ongoing lm growth during cycling. 63 The reason for this difference could be the presence or absence, respectively of VC as electrolyte additive for controlled SEI formation.
11 On the other hand, the pouch cells showed a state-of-health (SOH) of over 97% aer 1000 cycles (Fig. 7) , compared to 70% SOH for the 18 650 cells, which makes a quantitative comparison of the two cell types difficult.
Moreover, we could detect traces of decomposition products of the conducting salt LiPF 6 , such as F À , PO 2 F 2 À and different uoro phosphates with IC and IC hyphenated to electrospray ionization mass spectrometry (ESI-MS) in all samples, even for the cells, which were extracted without additional solvents. This conrms once more the suitability of CO 2 extraction as sample preparation tool for post-mortem or aging investigations of LIB electrolytes.
Conclusions
The extraction behavior of supercritical and liquid carbon dioxide with and without additional solvents has been investigated in ow-through experiments regarding the recovery of electrolytes from lithium-ion batteries. The extracts were analyzed with GC-MS and IC for their compositions. For an electrolyte containing LiPF 6 , DMC, EMC and EC, extraction with liq CO 2 resulted in higher recovery for linear carbonates (DMC, EMC) and lower for EC but in a higher overall yield compared to extraction with sc CO 2 . The extraction of the electrolyte ingredients was improved by application of additional solvents to the CO 2 and, furthermore, also LiPF 6 was extracted. Maximum recovery rates were achieved with mixtures of different solvents. It was demonstrated, that the electrolyte of a Panasonic 18 650 cell was recovered in (89.1 AE 3.4) wt% almost quantitatively with liq CO 2 and ACN-PC (3 : 1) as additional solvents. Thus, we conclude, that it is generally possible to apply CO 2 extraction to used battery cell electrolytes by properly adjusting the extraction conditions (especially the additional solvents) to the individual cell components (electrode materials, separator, electrolyte and geometry) which should be extracted. This promising procedure could be an alternative for distortion of the electrolyte in LIB recycling, 75 and even for solvent extraction. 76 However, the developed method is a suitable tool for LIB electrolyte and postmortem or aging investigations because a qualitative overview can already be achieved aer a few minutes of extraction also for apparently 'dry' cells, where the electrolyte is deeply penetrated in the solid battery material. The application of this tool for a screening of different aged cells from several battery suppliers is currently in preparation.
